Multiple myeloma (MM) is a disease characterised by proliferation and accumulation of malignant plasma cells in the bone marrow (BM), bone lesions and immunodeficiency, with immunoglobulin light chains usually detected in the blood. Although new treatment options are available, MM remains an incurable malignancy with a grim prognosis. Preclinical evaluation of activities of new drugs and their combinations *in vitro* and *in vivo* is critical for drug development. Practical *in-vivo* models for studying human MM may enable a better understanding of the biology of the disease and lead to better optimisation of therapeutic strategies. The best current xenotransplantation *in-vivo* model for studying human blood malignancies and therapy is the immune-deficient mice, including the severe-combined immunodeficient (SCID) mice ([@bib29]; [@bib19]; [@bib3]; [@bib16]); the non-obese diabetic/SCID (NOD/SCID) mice ([@bib5]; [@bib17]) or the even more permissive *β*-microglobulin-null (B2m−/−) NOD/SCID mice ([@bib22]; [@bib8]; [@bib21]). Although the murine model can recapitulate the phenotype of human disease, immune-deficient mice are very costly, require special maintenance and the engraftment of human leukaemias and myeloma in mice requires from 6 weeks to over 2 months ([@bib17]; [@bib16]), unless the cells are grafted directly to the BM using a technically demanding procedure with lower rates of survival ([@bib29]; [@bib27]).

Xenotransplantation of human cells and tissues to chicken embryos ([@bib2]) and particularly to the chorioallantoic membrane (CAM) is a well-established system for evaluating angiogenesis in solid tumour growth ([@bib24]; [@bib23]). Solid tumours that are grafted to the CAM are known to reproduce many characteristics of tumours *in vivo*, including tumour mass formation, angiogenesis and metastasis ([@bib13]; [@bib12]). In contrast to hundreds of studies in chicken embryos using solid tumours, engraftment of human blood malignancies on the CAM or on the haematopoietic organs has not been studied in depth. We have demonstrated consistent engraftment of the human leukaemia line K562 in the haematopoietic organs of chicken embryos 1--2 weeks after intravascular or intra-amnion injection ([@bib26]). However, the turkey embryo proved to be a more robust *in-vivo* system for the assessment of human leukaemia growth and response to doxorubicin ([@bib10]).

In this study, we extended the development of this new model to studying MM, by transplanting human cell lines and patient samples in naturally immune-deficient turkey embryos and testing the effect of several new therapies. Similar to the model in immune-deficient NOD-SCID mice ([@bib29]; [@bib27]), we were able to demonstrate engraftment and response to therapy. However, unlike the NOD/SCID model, the turkey embryo model is inexpensive, easy to manipulate and requires no maintenance. Engraftment is rapidly detected 1 week after injection by flow cytometry (FC) and quantitative real-time polymerase chain reaction (Q-PCR) of BM cells and circulating free light chain (FLC) in the blood. We applied this model to test several drugs used as first-line therapy in MM, thalidomide, bortezomib (Velcade) and lenalinomide (Revlimid). Thalidomide has been widely used as front-line and relapse therapy to treat MM ([@bib20]; [@bib9]; [@bib14]). Although the exact mechanism of action in MM is not known, thalidomide induces oxidative stress, and it has both antiangiogenic and immunomodulatory activities ([@bib18]). Bortezomib is a proteasome inhibitor targeting the 26S proteasome, a component of the ubiquitin--proteasome complex ([@bib31]). Bortezomib directly inhibits proliferation and induces apoptosis of MM cells, as well as cells resistant to conventional therapies ([@bib19]). Revlimid is a less toxic thalidomide derivative that has potent antitumour, antiangiogenic, immunomodulatory and proapoptotic activity in MM ([@bib25]). Although thalidomide proved to be too toxic for use in the developing embryos, a single dose of therapeutic levels of bortezomib and Revlimid dramatically inhibited MM cell engraftment in turkey embryos. We believe that these results support the use of this simple and inexpensive model system to provide a new platform for studying human MM *in vivo*, which can be easily employed for testing the efficacy of new anti-myeloma agents.

Materials and Methods
=====================

Cells and cultures
------------------

Human samples were obtained from patients with MM and control samples were obtained from patients undergoing orthopaedic surgery, following the signing of informed consent by all participants. The use of human material in this study was approved by the Tel-Aviv Sourasky Medical Center Ethics Committee according to the regulations of the Helsinki accords, and the DNA studies were approved by the Israel Ministry of Health. Peripheral blood and BM mononuclear cells were separated by Ficoll-density gradient centrifugation. Human cell lines CAG and ARH-77 were kindly donated by Dr B Katz of the Tel Aviv. ARH-77 were established from an Epstein--Barr virus (EBV)-positive plasma cell leukaemia patient, and CAG cells were derived from human MM cells and are EBV-negative ([@bib1]). Cells were maintained in RPMI medium 1640 supplemented with 10% foetal bovine serum and 100 U ml^−1^ penicillin, and 100 mg ml^−1^ streptomycin (Biological Industries, Bet Haemek, Israel) and passaged twice weekly. Patient samples were taken from newly diagnosed untreated (*n*=4) and progressive disease or relapsed patients (*n*=10). Patient samples were taken from newly diagnosed untreated (*n*=4) and progressive disease or relapsed patients (*n*=10).

Introduction of human myeloma cells into turkey embryos
-------------------------------------------------------

Fertilised turkey (*Meleagris gallopavo*) eggs were obtained from a local supplier (Yeffe Hod, Kvuzat Yavneh, Israel). According to Israeli law, similar to the office of laboratory animal welfare of the US public health service, avian embryos are not considered live vertebrate animals until hatching. The NIH Office of Laboratory Animal Welfare has provided written guidance in this area (<http://www.grants.nih.gov/grants/olaw/references/ilar91.htm> and NIH Publication No.: 06-4515). Our study did not include turkey embryos incubated for more than 24 days. In turkeys, hatching occurs at 26--28 days of embryonic development; therefore, approval by an ethics committee was not necessary. Avian embryos greater than two-thirds of the way to hatching (in turkeys that is day 16) can experience pain and embryos beyond E15 (\<2/3) were euthanised by decapitation as suggested in guidelines of San Francisco State University and Case Western University (<http://research.sfsu.edu/protocol/policy_library/avian_embryo.html>, <http://casemed.case.edu/ora/iacuc/forms/Policy%20for%20Use%20of%20Avian%20Embryos.pdf>). The eggs were incubated in a humidified egg incubator (GQF Manufacturing Company, Savannah, GA, USA) at 37.5°C, with turning. A small aperture was cut in the eggshell for injecting embryos, which was subsequently sealed with gas-permeable tape. Cells suspended in 100 *μ*l phosphate-buffered solution (PBS) were injected intravenously into the CAM vessels of E11 embryos, or at indicated developmental stages, as described previously ([@bib26]; [@bib10]).

Histology
---------

Tissues from the injected turkey embryos were fixed in 4% paraformaldehyde or Bouin\'s solution, embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E) to observe tissue morphology. Photomicrographs were taken on fluorescence-equipped Olympus BX60 upright and SX10 stereomicroscopes using Scion monochrome and colour digital cameras (<http://www.scion.com>) and ImageJ (<http://rsb.info.nih.gov/ij/>). No digital modifications were made to the photos, with the exception of merging monochrome fluorescent images into colour images, and brightness/contrast improvement and sharpening were performed with the Paint Shop Pro (V.7.04) software ([www.jasc.com](http://www.jasc.com)) or a Microsoft picture editor.

Detection of engrafted human cells by FC
----------------------------------------

Turkey embryos were killed on E18, or as indicated, and single-cell suspensions were prepared from the liver, spleen and BM (pooled from both femurs). The cells were analysed following lysis of enucleated red blood cells (RBCs) with FACS lysis buffer (BD Bioscience, San Diego, CA, USA). Bone marrow cell suspensions from embryos injected with ARH-77 or CAG cells were incubated with anti-human CD138-FITC (IQ products, Groningen, The Netherlands), which detects MM cells and anti-human CD19-APC (BD Biosciences), a B lymphocyte-lineage differentiation antigen. When patient samples were injected, BM cell suspensions from the grafted embryos were stained with anti-CD138-FITC, anti-PE-CD38 (BD), anti-CD45-perCP (BD) and anti-56APC (BD). Multiple myeloma cells from all patient samples injected were previously shown to be CD138 and CD38 positive and negative for CD45 and CD56. All incubations were for 30 min at 4°C. At least 10 000 events per sample were acquired with a BD FACS Calibur (BD Biosciences). Data analysis were performed using Cell Quest and Cell Quest Pro software (BD Biosciences). Matched isotype controls for all antibodies were used to detect background fluorescence (BD Biosciences). All human antibodies were pre-tested for crossreactivity with avian cells using BM from non-injected embryos.

Molecular detection of xenografted human cells by Q-PCR
-------------------------------------------------------

To detect human cells, the BM, liver, spleen and brain were harvested and DNA was extracted using phenol. DNA samples were incubated in Light Cycler DNA master SYBR green I (Roche Diagnostics GmbH, Mannheim, Germany), primers as described (10 *μ* sense and 10 *μ* antisense), MgCl~2~ and nuclease-free water in a total volume of 10 *μ*l according to the manufacturer\'s instructions. To estimate the amount of human cells that had engrafted in the various embryonic organs, Q-PCR was performed by developing a molecular assay to quantify the relative contributions of human and mouse in mixed DNA samples. DNA from CAG or ARH-77 cells was used for measuring human alpha satellite sequences. The avian *GAPDH* gene from turkey BM DNA of embryos was used for quantifying turkey cells. The sequences used to detect human alpha satellite and chicken *GAPDH* are listed in [Table 1](#tbl1){ref-type="table"} (purchased from Danyel Biotech Ltd, Rehovot, Israel). The RT--PCR conditions used were 40 cycles consisting of 95°C for 10 min, 95°C for 20 s, 60°C for 20 s, 72°C for 30 s, 72°C for 5 s, 95°C for 5 s, 70°C for 15 s and 40°C for 30 s. Standard curves were generated using a series of 10-fold dilutions of chicken or human DNA as described previously ([@bib26]). The human primers did not generate amplification products using DNA from non-injected turkey embryo BM. Using 1.2 pg of DNA per CAG or ARH-77 cell and 2.6 pg of DNA per normal turkey cell, we calculated the ratio of human/chicken cells. The domestic turkey has recently been reported to have 80 chromosomes and the DNA content we obtained is comparable with that reported ([@bib4]).

Serum FLC
---------

Free light chain levels in embryos injected with human myeloma cells were determined by automated assays for free *κ* and *λ* on a IMMAGE 800 nephelometer (Beckman Coulter Inc., San Francisco, CA, USA) using commercial reagents (The Binding Site, Birmingham, UK). This assay is routinely performed in our clinical laboratory for patient testing of human *κ* and *λ* light chains in the serum. The concentration of soluble FLC *κ* or *λ* in serum samples is determined by a turbidimetric assay. A series of calibrators of known antigen (FLC *κ* or *λ*) concentration are assayed to produce a calibration curve of measured light scatter *vs* FLC *κ* or *λ* concentration (<http://www.bindingsite.co.uk>) ([Supplementary Figure 1S](#sup1){ref-type="supplementary-material"}). The assay involves an addition of the test sample to solution containing the appropriate antibody in reaction cuvette. As the antigen--antibody reaction proceeds, the light from a beam passing through the cuvette is increasingly scattered by insoluble immune complexes that are formed. Light scatter is monitored by measuring the decrease in intensity of the incident beam of light. The antibody in the reaction is present in excess so that the amount of immune complex formed is proportional to the FLC *κ* or *λ* concentration. Samples of human controls (The Binding Site) were within the expected control range for FLC *κ* (13.28--19.92 mg l^−1^) and for FLC *λ* (21.28--31.92 mg l^−1^). Assays were performed at a 1 : 5 serum dilution with a detection range 3--90 mg l^−1^ according to the manufacturer\'s instructions. The FLC level in uninjected embryonic turkey serum samples (*n*=27) served as negative controls, with levels consistently below the detection range \<3 mg l^−1^.

Cell viability
--------------

The toxicity of drugs on the developing BM cells was determined by FC using 7-amino actinomycin D (7AAD) (Sigma-Aldrich, St Louis, MO, USA) to stain non-viable cells.

Treatment of embryos with anti-myeloma drugs
--------------------------------------------

Stock solutions of bortezomib (Velcade) (Millennium Pharmaceuticals Inc., Cambridge, MA, USA), thalidomide and lenalinomide (Revlimid) (Celgene Corp., Summit, NJ, USA) were dissolved in 70% ethanol/30% PBS and diluted in PBS for injection. All drugs were injected in a final volume of 100 *μ*l. Preliminary experiments were performed to determine non-lethal doses of bortezomib, thalidomide or Revlimid for the developing turkey embryos. Thalidomide was extremely toxic even at very low doses, consistent with its well-known teratogenic effects, and was therefore not used in this study. All of the embryos injected intravenously on E13 with 0.2 *μ*g per embryo of bortezomib or Revlimid survived for 7 days. In addition, no BM toxicity was observed using FC of cells stained with 7AAD at this dose. To test the effects of these drugs on engraftment *in vivo*, a single dose of 0.2 *μ*g per embryo of bortezomib or lenalinomide was injected intravenously on E13, 2 days after injection of the human cell lines into CAM veins of E11 embryos. After 6 days, the embryos were killed and the haematopoietic tissues were collected for DNA and FC analyses.

Statistical analysis
--------------------

The statistical significance of differences between test and control groups was determined using Student\'s *t*-test or analysis of variance.

Results
=======

Engraftment of human MM into turkey embryos
-------------------------------------------

Multiple myeloma cell lines CAG or ARH-77 (5 × 10^6^) cells were injected into CAM vessels on day E11 and engraftment was detected 1 week later (E18) as described previously ([@bib10]). A typical E18 embryo is shown in [Figure 1A](#fig1){ref-type="fig"}. Blood was collected (1.5--2 ml) from these embryos with a 23 G 'butterfly\' needle ([Figure 1B](#fig1){ref-type="fig"}), and paraffin sections of the femur bone from non-injected ([Figure 1C and D](#fig1){ref-type="fig"}) and injected ([Figure 1E and F](#fig1){ref-type="fig"}) embryos were stained with H&E. The developing BM with prolific haematopoiesis could easily be observed in the control embryos. There was robust haematopoietic proliferation at E18 ([Figure 1C](#fig1){ref-type="fig"}), and the borders of the haematopoietic sinuses were clearly delineated (inset in [Figure 1C](#fig1){ref-type="fig"}), with early and mature nucleated RBC, prominent heterophils and other haematopoietic and mesenchymal cells ([Figure 1D](#fig1){ref-type="fig"}). Cartilage areas and chondrocytes, which are spatio-temporally appropriate for this developmental stage, were evident ([@bib30]). Engraftment of MM cells within the BM of injected embryos is demonstrated in [Figure 1E and F](#fig1){ref-type="fig"}. In the xenografted marrows, clones of myeloma cells surrounded by poor and aberrant haematopoiesis were observed. The sinus borders were not well defined, but chondrogenesis appeared to be normal in the affected bones (inset in [Figure 1E](#fig1){ref-type="fig"}). Reduced haematopoiesis in the BM of embryos injected with MM cells was confirmed by quantitative image analysis ([Supplementary Figure 2S](#sup1){ref-type="supplementary-material"}). The spleens of injected animals were not enlarged in contrast to the splenomegaly previously observed in embryos injected with leukaemia cells ([@bib10]), although they were consistently redder ([Figure 1G](#fig1){ref-type="fig"}). Splenomegaly was not expected, as the spleen is not a major target organ for MM growth. Growths also formed on the CAM, which contained dividing CAG cells ([Supplementary Figure 3S](#sup1){ref-type="supplementary-material"}). At 1 week after injection, it continued to grow in size ([Figure 1H](#fig1){ref-type="fig"}).

Myeloma cell engraftment in the BM
----------------------------------

The engraftment was assessed 1 week after injection (on E11) of 5 × 10^6^ cells via the CAM veins as described previously ([@bib10]). The kinetics of engraftment of MM cells were studied by screening for the presence of human MM cells on E15, E18, E21 and E23 in BM and other organs. The numbers of embryos tested and the different organs that were screened by FC analysis of BM, immunohistochemistry of CAM tissue and Q-PCR are detailed in the [Supplementary Table 1S](#sup1){ref-type="supplementary-material"}. Multiple myeloma cells in the developing embryonic BM were detected by FC. [Figure 2A](#fig2){ref-type="fig"} demonstrates the labelling of MM cells, CAG cells (middle panel) with FITC anti-CD138 and ARH-77 cells (right panel) with PE anti-CD138 in a typical BM sample. Flow cytometry analysis detected an average engraftment (±s.d.) of 3.5±0.38% CAG cells (*n*=20) and 8.5±0.17% ARH-77 (*n*=16) cells in the embryonic turkey BM ([Figure 2B and C](#fig2){ref-type="fig"}). Fewer than 0.5% of the myeloma cells were also detectable by FACS in the embryonic spleens (data not shown). Although FC was very useful for the analysis of BM, engraftment in other organs required molecular methods of detection. We therefore used Q-PCR real time to detect human myeloma cell engraftment in haematopoietic and non-haematopoietic tissue. The amount of genomic human alpha satellite DNA was compared with the amount of avian *GAPDH* in each of the organs tested. These included the haematopoietic organs BM, spleen and liver, as well as non-haematopoietic brain tissue. A significant amount of engraftment was also detected by Q-PCR in the BM as well as in the liver and brain of both cell lines compared with controls (*P*\<0.005 by Student\'s *t*test) ([Figure 2D and E](#fig2){ref-type="fig"}). As expected, no MM cells were detected in the blood. The kinetics of BM engraftment of both cell lines determined by FC is depicted in [Figure 2F](#fig2){ref-type="fig"}. Few or no cells were detected at E15, which was 4 days after injection; however, the embryonic BM was very scanty on E15 and avian cells had not yet been well developed. The peak of human cell xenograft in the BM was observed on E18 and declined by E23 as illustrated in [Figure 2F](#fig2){ref-type="fig"} and detailed in [Supplementary Table 1S](#sup1){ref-type="supplementary-material"}.

Detection of circulating human free immunoglobulin light chain in xenografted embryos
-------------------------------------------------------------------------------------

Multiple myeloma is characterised as a monoclonal plasma cell proliferative disorder. Testing the immunoglobulin FLC level (*λ* and *κ*) in the patients\' serum is of major clinical importance in diagnosis, prognosis and management of this disease ([@bib6]). We adapted the FLC assay to detect human immunoglobulin in the serum of the E18 embryos after xenografting. A calibration curve was set up by mixing known levels of human *κ* FLC with E18 embryo serum and comparing it to human controls. The correlation was excellent (*R*=0.89), and this enabled systemic monitoring of engraftment by utilising FLC levels in embryo serum. Higher than normal ranges of *κ* light chain were identified clearly. All control embryos had values below the detection range of \<5.4 mg l^−1^. The elevated FLC level in individual embryos was generally related to the engraftment level detected in the BM by FC ([Table 2](#tbl2){ref-type="table"}). The discrepancy observed in some embryos was expected since BM samples represent the femur content only while serum levels represent the amount of systemic circulating FLC.

Xenografts of MM patient cells
------------------------------

The engraftment efficiency of patient samples was tested to develop the turkey embryo model for patient cell screening. Cells from MM patients having an 18--85% range of detectable disease were injected on day E11. Similar to our previous reports on leukaemia cells ([@bib10]), 80% of the MM patient samples engrafted ([Table 3](#tbl3){ref-type="table"}), a value as good as the engraftment of patient MM samples reported in SCID mice ([@bib27]). Our ethics committee approved the use only of cells from routine BM aspirates of 1--2 ml, after all the necessary material was sent and not needed for clinical testing. Given that a xenograft requires 10^7^ MM cells per embryo, such numbers are not usually available from the remaining sample. In the samples that we could test, both fresh samples 2/2 engrafted, whereas the frozen or cultured cells did not consistently engraft. More experiments with fresh MM cells are needed to confirm this finding, and we are in the process of obtaining samples from other institutions.

Drug treatment efficacy in xenografted turkey embryos
-----------------------------------------------------

To investigate the utility of this model to screen drug activity *in vivo*, we tested three newly approved drugs known for their anti-myeloma activity, thalidomide, bortezomib and lenalinomide. The drugs were prescreened by XTT assays *in vitro* to confirm their toxicity on the cell lines used in this study. Following assessment of *in-vitro* activity, the drugs were injected *in vivo* on day E13, 2 days after injection of the MM cells. Before testing the activity of the drugs on MM engraftment, different concentrations of the drugs were injected to determine the lethal dose, 50% (LD 50) in the embryos and to examine the toxicity induced in the developing embryonic BM. Thalidomide was found to be too toxic to the developing embryos and could not be used to treat MM in this model. Bortezomib and lenalinomide at doses that were not BM toxic proved to be highly effective at eradicating the myeloma 1 week after treatment. Drug ranges were calculated from the therapeutic doses of the drugs for adult humans with an average blood volume of 5 l and for the turkey embryo with a volume of 3 ml. The equivalent therapeutic dose for thalidomide (100--200 mg dose per human adult) translates to 60--120 *μ*g per embryo. Concentrations as low as 0.12 *μ*g per embryo were lethal to all embryos injected ([Table 4](#tbl4){ref-type="table"}). We therefore abandoned the use of thalidomide in this system.

To test both LD 50 and toxicity to the developing BM of bortezomib, we injected increasing concentrations of 0.2--3.6 *μ*g per turkey embryo on E13. This range was calculated from the adult human therapeutic dose of 1.2--2 mg daily, which translates into a dose of 0.8--1.2 *μ*g per embryo. These concentrations correlated exactly to the LD 50 levels in the embryos ([Table 5](#tbl5){ref-type="table"} and [Figure 3A](#fig3){ref-type="fig"}). We further reduced the doses of bortezomib to determine the viability of cells within the developing BM. Bone marrow cells from treated embryos were analyzed by FC using 7AAD staining of dead cells. Drug doses that did not increase the proportion of dead cells in the BM compared with untreated controls were chosen. Bortezomib at 0.2--0.3 *μ*g per embryo was found to be the highest dose that did not cause significant BM toxicity ([Figure 3B](#fig3){ref-type="fig"}). This concentration was used on day E13 to treat embryos that were previously injected with 5 × 10^6^ ARH-77 cells per embryo on E11. The engraftment was dramatically inhibited in the bortezomib-treated turkey embryos. This result was demonstrated by FC analysis ([Figure 3C](#fig3){ref-type="fig"}) and confirmed by Q-PCR of human alpha satellite DNA in BM tissue ([Figure 3D](#fig3){ref-type="fig"}). It was revealed that the engraftment was reduced from 8.5 to 0.72% in the ARH-77 cell line after treatment by FACS analysis. The results of Q-PCR analysis clearly showed a 16.5-fold reduction of human MM cells in the bortezomib-treated turkey embryos *vs* untreated embryos.

Experiments were also performed using lenalinomide, which is an immunomodulatory agent, similar to thalidomide, but less toxic and less teratogenic. The adult lenalinomide dose is around 25 mg per day, which translates into 15 *μ*g per embryo. Lenalinomide proved to be non-toxic to the embryos, and there was no evidence of LD 50. The survival rate of the embryos on E18 was 83% even at concentrations as high as 120 *μ*g per embryo ([Table 6](#tbl6){ref-type="table"} and [Figure 4A](#fig4){ref-type="fig"}). The grafted MM cells were sensitive to a single dose of 120 *μ*g lenalinomide per embryo administered on E13 (2 days after the introduction of the cells). Flow cytometry analysis showed an 80% reduction in tumour load with no significant toxicity to the embryos ([Figure 4A--E](#fig4){ref-type="fig"}). Molecular detection of human alpha satellite DNA showed a 50% reduction in human cells ([Figure 4F](#fig4){ref-type="fig"}).

Two samples of fresh MM cells (10^7^) from the BM of patients with \>50% disease in their BM were injected on E11 and treated as described above with bortezomib 0.2 *μ*g per embryo on E13. Bone marrow from injected and non-injected turkey embryos was collected on E18, and MM cell engraftment was monitored by FC. The cells were stained with anti-human CD138 and CD38 as positive markers to determine engraftment. CD56 and CD45 were negative on the MM cells in all patient BMs tested and were used as negative control markers. An example of patient cells detected by FC with anti-CD138 in the BM of injected embryos is illustrated in [Figure 5A](#fig5){ref-type="fig"}. Multiple myeloma cells were also detected in the liver and spleen samples by Q-PCR. Administration of a single dose of bortezomib at a concentration that was demonstrated to be non-toxic to the BM eradicated MM cell growth in the embryonic BM ([Figure 5B and C](#fig5){ref-type="fig"}).

Discussion
==========

The development of therapeutic agents for MM could be facilitated by more rapid and less expensive *in-vivo* systems for evaluating drug activity drugs than the ones currently available. There are few *in-vivo* systems for the preclinical evaluation of new anti-myeloma therapy. The best current models are highly immune-deficient mice ([@bib29]; [@bib27]; [@bib28]). This study describes a novel xenograft model for studying MM that involves pre-immune turkey embryos and is rapid, low cost and easy to manipulate. Transplantation of cells and tissues to the embryonic chick has long been used to study the growth, spread and angiogenic potential of solid mammalian tumours, but it was never applied to the study of MM.

We had recently shown that the turkey embryo is a superior host than the chick embryo for xenografts of human blood malignancies, including two MM lines, CAG and U266 ([@bib10]). In this study, we extended these observations by demonstrating the kinetics of MM engraftment, patient MM cell engraftment and the efficacy of modern chemotherapy drugs in killing MM in the turkey embryo. Preliminary experiments revealed that the optimal timing for intravenous injection of MM is on E11, when veins can easily be manipulated, and that the optimal time for engraftment is 7--9 days (data not shown). Engraftment of cell lines CAG and ARH-77 in grafted embryos is robust, as detected by both FC and RT--PCR. The embryonic BM cavities are just beginning to form during the first days after injection. Clearly delineated haematopoietic sinuses and robust haematopoiesis were observed within the BM of normally developing embryos at E18: all stages of erythropoiesis as well as prominent heterophils (avian granulocytes, lymphocytes and stromal cells could be seen). The xenografted embryos with growing myeloma, however, appeared to have fewer haematopoietic centres, with poorly defined sinus borders, implying that the MM cells were causing aberrant haematopoiesis. The human free *κ* light chain is easily detected in the blood of almost all the xenografted embryos, and its level is generally related to the engraftment level detected in the BM by FC. Free light chain levels, such as those measured in patients, provide an excellent readout of the tumour load and may be used in the future to determine the efficacy of drug treatment. The level of MM engraftment detected by FC and the FLC level were not correlated statistically, which is not surprising since the FC analysis was carried out on engraftment in the femur, while circulating FLC represents the systemic level of engraftment in all bones and in haematopoietic and non-haematopoietic compartments.

We also injected MM cells from patient BM samples. About 80% of the injected patient MM samples were engrafted, as determined by FC and Q-PCR, which is similar to the engraftment rates obtained with patient samples in NOD/SCID transplantation ([@bib7]) and similar to our previous reports on patient leukaemia cells injected in turkey embryos ([@bib10]). Although the human-to-mouse xenograft is the most commonly used *in-vivo* system for studying leukaemia and myeloma, most patient samples do not adequately engraft in immune-deficient mice. The reasons for this remain unclear, but they could include homing and survival mechanisms in the foreign host, lack of appropriate human stromal cells and local growth factors in the murine marrow niche, and possibly innate immunity in the mice, as well as intrinsic diversity among leukaemia samples ([@bib28]). It is known that inherent fundamental variance exists between clinical samples of human leukaemias and their model cell lines. Gene ontology analyses demonstrated that genes related to DNA or RNA metabolism and genes related to macromolecule synthesis are highly active in leukaemia cell lines, and that genes related to immune or host response are overexpressed in clinical leukaemia samples ([@bib15]). This difficulty in obtaining better engraftment of patient samples was overcome in the SCID model by injecting patient MM cells directly into the bone ([@bib29]), a technique that is not possible in the turkey embryo model as the marrow cavity is not developed on E11, the optimal day of injection.

We have previously provided evidence that the avian embryo model can be used for testing the utility of chemotherapy against xenografted leukaemia by showing that doxorubicin dramatically reduced the engraftment of K562 and DAMI leukaemia lines ([@bib10]). In this study, we demonstrate that the avian embryo model can be used to test the efficacy of anti-MM agents *in vivo*. Three newly FDA-approved drugs, thalidomide, bortezomib and lenalinomide, were tested for their anti-myeloma activity in this model. The drugs were injected intravenously 2 days after the grafting of MM cells, allowing the cells to home to and engraft in the haematopoietic organs. Different concentrations of the drugs were pretested to determine the LD 50 in the embryos and to examine their toxicity on the developing embryonic BM. Stringent testing of drug toxicity to the embryos and to their BM is essential since developing embryos are very sensitive owing to their highly proliferative growing tissues, including blood vessels in their BM. Indeed, thalidomide, a known teratogen ([@bib11]), was found to be highly toxic to the embryos at very low levels and could not be used to treat MM in this model. The anti-myeloma activity of thalidomide is thought to be via its potent antiangiogenic properties, and it is possible that it killed the embryos by preventing sufficient blood vessel development.

We also tested bortezomib, a reversible, highly selective and potent inhibitor of the 26S proteasome, and lenalinomide, a thalidomide analogue with immunomodulatory and antiangiogenic properties. These newly FDA-approved first-line therapy drugs had lower toxicity and successfully treated MM in the turkey embryos. A single dose of these drugs administered at concentrations comparable to or lower than the human therapeutic dose were not toxic to the embryos or to their BM and dramatically reduced MM cell engraftment in the turkey embryos. Although few data were generated to demonstrate the feasibility of testing anti-myeloma drugs on fresh patient samples *in vivo*, these experiments nevertheless establish proof of principle that this is a feasible approach.

Both the SCID and avian embryo xenografts models can be used to further our understanding of the biology of MM and to test potential therapeutics. There are, however, several restrictions in using such *in-vivo* systems. The number of MM cells is limited in the BM samples harvested from an individual patient, thus limiting the number of embryos or mice that can be injected with cells from a single patient. Moreover, there is high variability in the time to engraftment in mice (i.e., 2--19 weeks) among patient samples. ([@bib29]; [@bib27]). With the turkey model, the engraftment window of 7--9 days, and some patient samples may require extended times, which are not possible in this rapid model. Additional limitations are that we do not know if the disease is recapitulated in the avian embryo model as it is in the mouse model, due to the short over all engraftment period. [@bib27] noted that only a fraction of engrafted specimens produce measurable or comparable paraprotein or osteolytic lesions in mice. At the present time, we do not know the exact nature of engrafting cells nor whether they can actually recapitulate disease. One direction for future experimental studies would be to compare the robustness of engraftment of patient samples in the new avian model to their engraftment in immune-deficient mice.

In conclusion, we have shown that a turkey embryo xenografted with CAG or ARH-77 cells provides a reproducible and predictable *in-vivo* model for human MM cell growth in the BM, thereby enabling the evaluation of new anti-MM drugs. This new MM model may facilitate faster *in-vivo* screening of anti-MM agents, thereby reducing drug development time and cost. With further development, the system may be made sufficiently consistent for testing therapeutics against patient samples and may provide a venue for personalised testing of drug sensitivity in relapsed refractory or in patients harbouring high-risk disease.
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![Engraftment of human myeloma cells in embryonic day 18 (E18) embryonic turkey bone marrow. (**A**) Turkey embryo on E18 with blood vessels large enough to enable drawing blood (**B**). (**C**--**F**) Paraffin sections of E18 femur bones stained with haematoxylin and eosin (H&E). (**C**) Haematopoiesis has clearly been established, with robust haematopoiesis seen in the developing bone marrow niches (**C** and **D)** ( × 4 original magnification indicated by dotted arrow in **C**). Stromal cells line the borders of the haematopoietic sinuses (solid black arrow in the inset in **C**). **(D**) A highly proliferative area within the indicated box at × 40 original magnification with nucleated RBC, immune heterophils and other haematopoietic cells, as well as defined borders of the haematopoietic sinus and prominent cartilage areas (indicated by an asterisk). (**E**) A typical femur from an E18 turkey embryo injected on E11 with ARH-77 multiple myeloma cells at × 4 original magnification. Bone marrow haematopoiesis is irregular and meager with large areas of discontinuous or missing stromal borders of the sinus (inset in **E**), with clusters of myeloma cells that can be noted (indicated by arrows) having typical eccentric nuclei and myeloma cell morphology. **(F**) Multiple myeloma growth seen at a higher magnification ( × 40 original magnification) with chondrogenesis and bone structure appearing normal. Photographs of the spleens of injected embryos were not enlarged on E18; however, they were consistently more red in colour (**G**). This is seen in the left spleen from an injected embryo compared with a normal embryonic spleen. Growths that were noted on the chorioallantoic membrane 1 week after injection contained both turkey and CAG cells, which continued to grow in size (**H**).](bjc2011445f1){#fig1}

![Engraftment of myeloma cells in embryonic turkey tissues. Cell suspensions from embryos injected with ARH-77 or CAG cells were incubated with fluorescein isothiocyanate (FITC) anti-human CD138 and allophycocyanin (APC) anti-human CD19. (**A**--**C**) Engraftment of human multiple myeloma (MM) cells in the bone marrow by flow cytometry. (**A**) A typical fluorescence activated cell sorter (FACS) analysis performed for the detection of human MM cells using anti-CD138 antibodies. (**B** and **C**) The average engraftment of cell lines. (**D** and **E**) Quantitative real-time polymerase chain reaction (Q-PCR) detection of human cells in embryonic organs presented as the amount of human alpha satellite DNA from embryos injected with CAG (**D**) and ARH-77 (**E**) compared with avian glyceraldehyde-3-phosphate dehydrogenase (*GAPDH*). Asterisks in (**A**)--(**E**) indicate *P*\<0.005 compared with control embryos (Student\'s *t*-test). (**F**) Kinetics of engraftment from embryos killed on embryonic days (E)15, E18 and E23. Single-cell suspensions were prepared from the pooled bone marrow (BM) of two femurs from each embryo.](bjc2011445f2){#fig2}

![Bortezomib inhibits xenografted human myeloma cells in turkey embryos. Toxicity of different concentrations that were similar to therapeutic concentrations in patients was tested on embryonic day 13 (E13). (**A**) The lethal dose, 50% (LD 50) of bortezomib was 1.2 *μ*g per embryo as indicated by the arrow. (**B**) The highest non-toxic to bone marrow (BM) drug dose was 0.2 *μ*g per embryo as indicated by arrow. (**C**) Flow cytometry analysis of BM cells on day E13 of embryos injected with multiple marrow (MM) cells on E11 and different concentrations of bortezomib on E13 and cells harvested on day E18. (**D**) Quantitative real-time polymerase chain reaction (Q-PCR) quantification of the proportion of human cells in the BM of embryos treated with different concentrations of the drug. ^\*^*P*⩽0.005 compared with untreated embryos (Student\'s *t*-test).](bjc2011445f3){#fig3}

![Efficacy of lenalinomide (Revlimid) treatment of multiple myeloma (MM)-injected turkey embryos. (**A**) Different concentrations of lenalinomide were injected into turkey embryos on embryonic day 13 (E13) and bone marrow (BM) cell toxicity was assessed. No toxicity was observed up to 120 *μ*g per embryo. ARH-77 cells were injected intravenously on E11, and embryos were treated with lenalinomide on E13. (**B**--**D)** Turkey embryos on E18. Bone marrow cells were stained with allophycocyanin (APC)-anti-human CD19. (**B**) A typical analysis of a vehicle-injected embryo. (**C**) An embryo xenografted with MM cells, and (**D**) a xenografted embryo treated with lenalinomide 120 *μ*g per embryo. (**E**) The average engraftment when analyzed by flow cytometry or by Q-PCR (**F**). ^\*^*P*⩽0.005 compared with ARH-77-injected embryos (Student\'s *t*-test).](bjc2011445f4){#fig4}

![Bortezomib treatment of engrafted fresh human multiple myeloma (MM) in turkey embryos. (**A**) Flow cytometry detection of human MM cell engraftment into turkey embryo bone marrow (BM) and of bortezomib-treated embryo on embryonic day 13 (E13). Bone marrow from turkey embryos was collected on E18 and cells stained with fluorescein isothiocyanate (FITC) anti-human CD138 and APC anti-human CD19. Human cells were detected in the samples from injected embryos, but not in non-injected embryos. (**B**) Quantitative real-time polymerase chain reaction (Q-PCR) of human alpha satellite DNA also detected human cellular DNA in the turkey embryo haematopoietic organs. Human cells were detected in the samples from MM patient-injected embryos, but not in those treated by bortezomib. ^\*^*P⩽*0.002 relative to MM patient-injected embryos.](bjc2011445f5){#fig5}

###### Primers for detecting and quantifying human and turkey cells using PCR

  **Gene**                  **Name**                             **5′ → 3′ sequence**
  ------------------------- ------------------------------------ ---------------------------
  *Human alpha satellite*   Cr17_1a[a](#t1-fn2){ref-type="fn"}   GGGATAATTTCAGCTGACTAAACAG
                            Cr17_1b[b](#t1-fn3){ref-type="fn"}   TTCCGTTTAGTTAGGTGCAGTTATC
                            Cr17_4b[c](#t1-fn4){ref-type="fn"}   AAACGTCCACTTGCAGATTCTAG
  *Avian GAPDH*             Forward                              GAGGAAAGGTCGCCTGGTGGATCG
                            Reverse                              GGTGAGGACAAGCAGTGAGGAACG

Abbreviation: PCR=polymerase chain reaction.

Forward primer.

Reverse primer for conventional PCR.

Reverse primer for quantitative PCR.

###### Detection of malignant melanoma engraftment

  **% CAG cells detected in BM by FC**   **FLC (mg l^−1^) detected in serum of CAG xenografted turkey embryos**   **% ARH-77 cells detected in BM by FC**   **FLC (mg l^−1^** **) detected in serum of ARH-77 xenografted turkey embryos**
  -------------------------------------- ------------------------------------------------------------------------ ----------------------------------------- --------------------------------------------------------------------------------
  1.4                                    6.77                                                                     8.5                                       7.15
  4.7                                    5.85                                                                     7.2                                       5.56
  10.9                                   6.06                                                                     6.3                                       9.58
  5.6                                    9.14                                                                     12.3                                      29.56
  1.5                                    \<3                                                                      14.2                                      32.56
  2.6                                    \<3                                                                      2.6                                       17.35
  9.6                                    47.2                                                                     5.6                                       12.85
  5.3                                    18.5                                                                     13.1                                      7.05
  5.9                                    29.5                                                                     8.1                                       24.2
  9.3                                    5.39                                                                     9.1                                       \<3
  5                                      4.39                                                                     7.5                                       7.08
  3.9                                    6.08                                                                     8.2                                       \<3
  1.3                                    7.09                                                                     4.3                                       3.09
  5.15±3.18                              13.27±13.56                                                              8.23±3.37                                 14.18±10.27

Abbreviations: BM=bone marrow; FC=flow cytometry; FLC=free light chain; MM=multiple myeloma.

MM cells (5 × 10^6^) were injected intravenously on E11 and BM and serum collected 1 week later on E18. Engraftment was detected by FC and values presented are average %±s.d. FLC levels were detected by nephelometry and all control embryos had values below the detection range of \<3 mg l^−1^.

###### Engraftment of fresh MM cells from samples of patient BM

  **Patient number**   **Cell source**                            **% Plasma cells in the BM[a](#t3-fn3){ref-type="fn"}**   **Disease status**    **Number of cells injected**   **% of MM BM engraftment[a](#t3-fn3){ref-type="fn"}**   **FLC (mg l^−1^) detected in serum**   **Patient Rx[b](#t3-fn4){ref-type="fn"}**
  -------------------- ------------------------------------------ --------------------------------------------------------- --------------------- ------------------------------ ------------------------------------------------------- -------------------------------------- -------------------------------------------
  1                    Fresh BM                                   21                                                        Relapse               10^7^                          1.2 3.0 1.1                                             NA                                     Dexamethasone
  2                    Fresh BM                                   85                                                        Relapse               10^7^                          20 9.8                                                  NA                                     Dexamethasone Melphalan
  3                    Frozen BM                                  74                                                        Relapse               10^7^                          None                                                    NA                                     Dexamethasone Melphalan
  4                    Frozen BM                                  18                                                        Progressing disease   10^7^                          7.9                                                     NA                                     Dexamethasone Thalidomide
  5                    Fresh plasma cells cultured for one week   36                                                        Relapse               6 × 10^6^                      None                                                    NA                                     Vorinostat Bortezomib
  6                    Frozen BM                                  NA                                                        Progressing disease   0.4 × 10^6^                    0.8                                                     3.2                                    Vincristine, adriamycin, dexamethasone
  7                    Frozen BM                                  NA                                                        Newly diagnosed       2 × 10^6^                      1.6                                                     5                                      Untreated
  8                    Frozen BM                                  NA                                                        Newly diagnosed       0.5 × 10^6^                    1                                                       6.9                                    Untreated
  9                    Frozen BM                                  NA                                                        Newly diagnosed       3 × 10^6^                      0.6                                                     6                                      Untreated
  10                   Frozen BM                                  NA                                                        Progressing disease   0.5 × 10^6^                    1.3                                                     4.8                                    Vincristine, adriamycin, dexamethasone
  11                   Frozen BM                                  NA                                                        Relapse               1.5 × 10^6^                    1.3                                                     \<3                                    Dexamethasone Melphalan
  12                   Frozen BM                                  42                                                        Newly diagnosed       10^7^                          1                                                       \<3                                    Untreated
  13                   Frozen BM                                  13                                                        Relapse               10^6^                          2.6                                                     4                                      Dexamethasone Melphalan
  14                   Frozen BM                                  70                                                        Relapse               10^7^                          1.6 2 1.6 1.4 1.4                                       4 6.9 5.75 4.9 5.44                    Dexamethasone

Abbreviations: BM=bone marrow; FITC=fluorescein isothiocyanate; FLC=free light chain; MM=multiple myeloma; NA=not available; PBS=phosphate-buffered saline; PE=phycoerythrin.

Cells in PBS (100 *μ*l) or PBS alone (100 *μ*l) were injected intravenously on E11 and femur BM samples were collected and prepared as single-cell suspensions on day E18. These samples were analysed by flow cytometry using FITC anti-CD138 and PE anti-CD38 antibodies, and FLC levels were detected by nephelometry. Control embryos (*n*=27) had values below the sensitivity range of 3 mg l^−1^.

Percentage of plasma cells as determined by CD38/CD138 and flow cytometry.

Rx within 3 months before cell collection. Three cell samples were taken from newly diagnosed untreated patients, and all other samples were from treated patients with relapse or progressive disease.

###### Survival of embryos after treatment with varying concentrations of thalidomide

  **Thalidomide concentration**          **Number of turkey embryos injected on E13**   **Number of turkey embryos that survived by E18**
  -------------------------------------- ---------------------------------------------- ---------------------------------------------------
  0 (vehicle only 50% PBS+50% ethanol)   6                                              5
  30 *μ*g per embryo                     6                                              0
  60 *μ*g per embryo                     6                                              0
  120 *μ*g per embryo                    6                                              0
  0 (vehicle only 50% PBS+50% ethanol)   6                                              4
  3 *μ*g per embryo                      6                                              0
  6 *μ*g per embryo                      6                                              0
  12 *μ*g per embryo                     6                                              0
  0 (vehicle only 50% PBS+50% ethanol)   6                                              5
  0.3 *μ*g per embryo                    6                                              0
  0.6 *μ*g per embryo                    6                                              0
  0.12 *μ*g per embryo                   6                                              0

Abbreviation: PBS=phosphate-buffered solution.

The human therapeutic dose is equivalent to 60--120 *μ*g per embryo.

###### Survival of turkey embryos after treatment with increasing concentrations of bortezomib

  **Bortezomib concentration (*μ*g per embryo)**   **Number of turkey embryos treated**   **Number of surviving turkey embryos**   **% Survival**
  ------------------------------------------------ -------------------------------------- ---------------------------------------- ----------------
  0                                                5                                      5                                        100
  0.1                                              5                                      4                                        80
  0.2                                              7                                      6                                        87
  0.4                                              8                                      6                                        75
  0.6                                              5                                      3                                        60
  1.2                                              14                                     7                                        50
  2.4                                              15                                     3                                        20
  3.6                                              12                                     0                                        0

The human therapeutic dose is equivalent to 0.8--1.2 *μ*g per embryo.

###### Survival of embryos after treatment with increasing concentrations of lenalinomide

  **Lenalinomide dose**          **Survival (%)**   **Number of embryos treated**   **Number of embryos that survived**
  ------------------------------ ------------------ ------------------------------- -------------------------------------
  0 (only 70% ethanol+30% PBS)   100                6                               6
  7.5 *μ*g per embryo            83                 6                               5
  15 *μ*g per embryo             100                6                               6
  30 *μ*g per embryo             83                 6                               5
  0 (only 70% ethanol+30% PBS)   83                 6                               5
  30 *μ*g per embryo             100                6                               6
  60 *μ*g per embryo             66                 6                               4
  120 *μ*g per embryo            83                 6                               5

Abbreviations: BM=bone marrow; PBS=phosphate-buffered solution.

The human therapeutic dose is equivalent to 15 *μ*g per embryo. Doses of up to 120 *μ*g per embryo were not lethal or toxic to the BM.
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